Abstract-Cathode spots of vacuum arcs emit cathode material in the form of plasma as well as droplets. Generated by arcs burning at the first wall of fusion devices the droplets may effectively contaminate the fusion plasma. Essential characteristics of the droplets (diameter, velocity, and emission direction) and their interrelations are poorly known so far. In the present paper, a new approach of optical droplet investigation is presented. Generated by a pulsed vacuum arc, the droplets fly vertically inside a drift tube against gravity finally passing a light beam. The time-of-flight and the detected scattered light allow a simultaneous determination of droplet velocity and size. Different solid angle directions have been realized by rotating the cathode with respect to the flight tube axis. Using this technique the sizes and velocities of droplets emitted from a Cu cathode into different directions were obtained.
I. INTRODUCTION
Arc discharges are an important erosion mechanism for the first wall of fusion devices. Material is removed in the form of molten metal droplets and as a directed plasma emission. While charged components have little chance of entering the magnetized plasma, the droplets can cross the magnetic field and contaminate central regions [1] . Estimates of the amount of the droplet material and its penetration depth are difficult to make, because the present knowledge of the droplet emission is insufficient. Further results of droplet investigations on vacuum arcs might provide important improvements. The determination of droplet sizes is experimentally difficult because it has to extend over many orders of magnitude with comparable accuracy. Often deposited droplets are investigated post mortem using optical or electron microscopy [2] . But molten droplets deform into complex shapes when they hit a surface. The volume of the impinging droplet can only be derived by a detailed investigation of this deformation [3] . There are indications that the distribution of the particle diameters could depend on the emission angle (e.g. [4] ). Present results for the droplet velocity are contradictory. The published data range from below 30 m/s (e.g. [5] , measured with moving collectors) up to nearly 1000 m/s (e.g. [6] , measured with Laser Doppler Anemometry). Speed measurements with high-speed cameras for carbon particles yielded values between 10 and 370 m/s [7] . Our own observations [8] revealed intermediate speeds of 20 to 60 m/s depending on the material. Cameras have the problem that only hot and large particles are sufficiently bright to be detected. Additionally, the light of the spot itself outshines the radiation from the particle in the vicinity of the spot. There are hints that the velocity distribution depends on the emission angle as well [9] .
The experiment reported here applies a light scattering technique imbedded in a time-of-flight arrangement to investigate the droplet emission from pulsed vacuum arcs. On their path (vertically up) the droplets are slowed down by earth gravity. The solid angle range is selected by the crosssection of the drift tube, the velocity is derived from the time of flight between the cathode surface and the detector plane, and the size of the particle from the intensity of the scattered light.
II. EXPERIMENTAL SETUP

A. Experimental Apparatus and Arcing Conditions
The schematic of the used experimental setup is shown in Fig. 1 . The vacuum apparatus is built from standard components and consists of three main sections. The lower part contains the arc discharge assembly (CF 4-way cross) with a 506010 mm³ Cu-cathode fixed on the flange in such a way that the active area of the cathode is located exactly in the middle of this 4-way cross. Thus, by turning the rotatable mounting flange, the angle under which the droplet emission is observed can be selected freely. Electrically the chamber wall was connected as anode. As middle part a long and narrow drift tube has to be arranged pointing precisely to the discharge. Droplets emitted in the right direction can fly through the whole tube and reach the detector. Nevertheless, particles reflected at the wall during its path may also reach the observation volume. Therefore, additional lamellas were used to narrow the lower part and catch reflected droplets. An aperture of 1010 mm² was introduced as the entrance to the tube to precisely define the solid angle range accepted. Due to the unavoidable length of the drift tube the observations are carried out far from the discharge area and the droplets are probably cooled down enough to emit only a negligible thermal radiation. This was confirmed by observing the detector volume without illumination in a number of discharges.Only very few particles could be detected by their faint thermal emission.
The upper part contains the optical particle diagnostics. The smaller 6-way cross is equipped with a light source for the uniform illumination of a defined measuring volume (approximately 202010 mm 3 ) and, perpendicular, a suitable optical technique to detect scattered light from flying droplets. The distance between cathode surface and the optical axis of the detection system amounts 427 mm constituting a lower limit for detectable particle velocities (particles slower than about 1 m/s topple over before reaching the detector).
The arc ignition electrode was fixed on the cathode mount. A high-voltage pulse of approximately 10 kV triggers a sliding discharge along an insulating ceramic to the cathode. The applied arc current pulses have a duration of about 0.5 ms (or e.g. 1 ms) and the current maximum varied between 0.3 kA and 1 kA with a relatively smooth rectangular shape. Fig. 2 shows two examples of openshutter photographs of the whole discharge.
Typically, the base pressure inside the chamber is better than 210 -5 Pa. Discharge conditioning by numerous arcs prior to the measurement ensured that all contaminations (gases, oxides) are removed to have no influence on the arc mode.
B. Illumination and Detection Module for Particle Diagnostics
As known from former work, the diameters of macro particles cover a wide range between a few nanometers and some 10 µm [2] . To be able to detect small droplets, the intensity of the light source should be as high as possible. White-light has the advantage that scattered light of different wavelength and polarization angle is collected thereby smoothing sophisticated structures out. For this purpose, a Xenon short arc lamp model XBO ® R 300 W by Osram was used. After extensive optimizations it was possible to achieve a homogeneous luminance distribution using a single lens and a collimation of the primary beam. Within the parallel beam 38% of the total light emitted by the lamp enters the observation area. Strong efforts have been made to completely suppress stray light by plating the collimating optics and the active areas of the light dumps with a coating of Vantablack ® by Surrey NanoSystems.
To detect a scattering signal, a photomultiplier (Hamamatsu Photonics, H10492-003) together with the corresponding power supply was used. The spectral sensitivity ranges from 300 nm to 700 nm and covers the emission range of the white-light source. The detection system must register the scattered light as completely as possible but, at the same time, avoid all stray light sources, particularly the light reflected from the corners of the dumps. The central area of the observation volume is mapped to the multiplier entrance window by a large aperture aspherical lens. By mounting the lens immediately behind the collimator inside the vacuum, it could be achieved that the centre area of the measuring volume is imaged to the outer surface of the vacuum window. A slit diaphragm excludes stray light and defines the region of observation covered by the multiplier.
III. MEASUREMENT AND DATA PROCESSING
The successive emission of particles of different size and velocity from the cathodic spot was observed by the registration of a time series of the multiplier output signal starting at about 50 ms before the breakdown and lasting typically until 450 ms after the ignition of the arc. The arc current was 1 kA (or 0.5 kA) and the duration of the discharge itself was 0.5 ms (or 1 ms). A 4-channel USBoscilloscope from PicoScope (model 5442B) was used to monitor the multiplier signal representing the intensity of scattered light. The sampling interval was 120 ns (rate 8.333 MSample/s) at a resolution of 14 bits. A voltage range of ±500 mV was used for the channel measuring the multiplier signal. Fig. 3 demonstrates a typical time series of an arc of 500 A for a relevant time interval beginning just after the discharge and reaching until about 125 ms after the discharge. Fig. 3 . Multiplier signal for 125 ms following the discharge (raw data are processed by a hardware low-pass filter at 40kHz). Arc current 500 A.
The signal exhibits a noticeable noise of about ±3 mV, a slowly varying background of about 20 mV, and oscillatory contributions from the modulated primary light (recognized by the frequencies: 50 Hz, 100 Hz, and 150 Hz).The data have been reworked in four steps: 1) Data are restricted to times after the end of the discharge until 450 ms.
2) The time-series is divided into intervals of 30 µs, the voltages in these interval are sorted, and a fraction of the highest and a fraction of the lowest values are discarded. The remaining voltages are averaged to build the new data set together with the mid-time of the interval.
3) A polynomial of order 4 is fitted to this data set and subtracted to compensate for the background.
4) Amplitudes and phases of a 50 Hz, a 100 Hz, and a 150 Hz oscillation are fitted and subtracted. The resulting set of corrected data shows clear peaks at certain times tpeak having a temporal width tpeak. Simple ballistic taking only gravitation into account and assuming the particle to be a point mass starting at the cathode with the vertical velocity v0 determines a relation between tpeak.and tpeak. Unfortunately, not all peaks are fulfilling this relation as the examples in Fig. 4 demonstrate. Too wide peaks are produced by particles which are too slow to reach the detection volume at the time they actually do. This may be caused by collisions of the particles with the vessel walls or other inner structures on their way from the cathode to the detector plane. Therefore, those particles must be neglected in the determination of emission velocities.
The peaks exhibited quite a variety of peak shapes, so that the identification of relevant peak windows proved to be done best by hand using an interactive Python program. All the other steps have been automated using MATHEMATICA ® . To finally evaluate the parameters of the individual peaks a Gaussian was fitted to the data of the peak window providing the temporal position, the height and the width of the peak. In case that the time of appearance is large compared to the duration of the discharge, the emission velocity of the investigated particle can be deduced. Furthermore, from the height of the peak -representing the intensity of the light scattered by this particle -the radius can be inferred. For this derivation the theory of Mie scattering has to be applied because the range of radii of the scattering droplets overlaps the range of wavelengths of the primary light as well as the range of wavelengths detected by the multiplier.
IV. RESULTS AND DISCUSSION
The distribution of the number of particles with the observed peak-intensities represented here by the multiplier output U (Fig. 5) follows a potential law with an exponent of about -1.9±0.1. A comparison with the exponent of -3.4 for the distribution of particle diameters d known from the literature [2] suggests a simple relation between the measured intensities and the diameters of the scattering particles: I~d 2 -the intensities are proportional to the projected particle areas. Because the possible ratios d/ of particle diameters and wavelengths vary at least from 0.01 to 100 the Mie theory has to be applied for calculating the intensity I(d,) of scattered light. For large diameters the resulting intensities calculated for spherical Cu-particles and a scattering angle of /2 approach Id 2 asymptotically, as expected. Dropping large test-particles ( 0.6 mm, 0.8 mm, 1 mm) through the time-of-flight setup, the measurements could, therefore, be calibrated. A rough estimate gives 1 mV multiplier-signal for a diameter of 1 µm. 6 shows the intensity of scattered light versus the emission velocity derived from the flight duration for a large number of particles. For a given intensity (i.e. a given diameter) an upper limit v0,max of the emission velocity seems to exist. This limit is lower for higher velocities. The emerging borderline falls steeply with v0,max. One possible interpretation is that the velocity v0,max is proportional to the inverse square root of the particle diameter.
This relation results from a model assuming an additional acceleration of the emitted particles by a fast streaming plasma cloud [10] and would enforce Iv0,max -4 . Deviations from the exponent -4 can be caused by the more complex dependence of the intensity of scattered light on the size of the particle as described by Mie's theory. Additionally, the mere appearance of the fastest particles points to some kind of acceleration mechanism. To investigate the dependence of particle emission on the angle between the emission direction and the cathode plane campaigns of about 100 discharges each have been carried out for different angles ( 13°, 30°, 45°, 55°, and 89°) . Fig. 6 summarizes results irrespective of angles because no essential changes of the borderline with angle was found.
By contrast, the number of particles emitted per discharge into a given direction declines with the angle against the cathode surface (Fig. 7) . Nevertheless, a fair amount of particles is emitted at steep angles. The existence of a velocity limitation and the finding that this limit is lower for larger particles can help to avoid a deep penetration of arc-produced particles into a fusion plasma.
